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5-~CH HEMISPEERKWLCONCAVENOSE

AT A MACHNUMBEROF2.0*

ByJ. ThomasMarkley

SUMMARY

A 5-inch-diameterhemisphericalconcavenosewastestedat a Mach
numberof2.0ina freejetto determineheattransferandpressuredis-
tribution.Thetestsweremadeundersea-levelconditionsfora Reynolds
numberperfootofabout14x 106.

v Theconcave-nosesta~ation-pointheatingis40percentofthatof
a hemispherenoseshapehavingthesamediameter.At anglesofattack

●
oft5°andAIOOthereisno increaseintheheat-transfercoefficient
ofthenose. However,someincreaseinheat-transfercoefficientis
shownfortheafterbodysectionofthemodelforwindward.anglesof
attack.Pressuresmeasuredup to60°ontheconcavepartofthemodel
wereequalto totalpressurebehindtheshockat allanglesofattack.

.!

INTRODUCTION

TheLangleyPilotlessAircraftResearchDivisionis currently
investigatingbluntnoseshapesforapplicationto thedesignof super-
sonicmissiles.Bluntnoseshapeshaveconsiderablylessheattransfer
thana pointednosetip. Thehemisphereandflat-facenoseshapeshave
beentestedextensively.Ithasbeenshownthatthestagnation-point
heattransfertoa flatfaceis one-half,orless,thatto thestagna-
tionpoint-ofa hemisphere.Severalinvestigatorshavesuggestedthat
a concavenoseshapewouldprobablyhaveevenlessstagnation-point
heatingthantheflatface.Reference1 presentedheat-transfercoeffi-
cientsforseveralbluntshapeswithmodestdepressionsat thenose;how-
ever,no beneficialeffectsofthesedepressionswerenoted.Othertests
of concavenoseshapeslikethosereportedinreference2,whichincludes

●
testsdirectedtoward.thestudyofheatingin concavehemispherical
depressions,haveindicatedstagnationheatingratesconsiderablyless

u
.

*Title,Unclassified.
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thanforthehemisphere.Inordertoevaluatetheheat-transfercoeffi-
cientofa concavenoseshapeinmoredetail,at thelipandatangleof
attackaswellas at thestagnationpoint,a concavenosehasbeentested

“-

andtheresultsarereportedherein.

SYMBOLS

a

Cw

Pw

h

hs

‘stag

M

‘Pr

Pt

‘1

P,x

%,2

s

angleofattack,deg

specificheatof skin,Btu/lb-%’

massdensityof skin,lb/cuft

localaerodynamicheat-transfercoefficient,Btu/(sec)(sqft)(%)

h
‘stagofhemisphere

stagnationpointheat-transfercoefficient,Btu/(sec)(sq.Ct)(OF).

Machnuniber

Prandtlnumber

totalpressureaheadof shock,lb/sqft

localstaticpressure,lb/sqft

free-streamstaticpressure,lb/sqft

totalpressurebehindnormalshock,lb/sqft

distancealongsurfacefromcenterline,in.

w–
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‘1 maximundistancealongsurfacefromcenterlineto lip,in.

% skinthiclmess,f%

T adiabaticwalltemperature}%aw

Tt free-streamstagnationtemperature,%

% wallte~erature,%

T statictemperatureaheadof shock,%

& recoveryfactor

e angle
deg

T time,

Tz local

9 angle

betweenthemodelsurfaceandthefree-streamdirection,

see

temperaturebehindnormalshock

fromverticalreferenceplane,deg

APPARATUSANDTESTING

Alltestswereconductedat thepreflightJetoftheLangley
PilotlessAircraftResearchStationatWallopsIsland,Va. Thisblow-
downjethastruesea-levelconditions.

Themodelwaslocatedwithitscenterlineonthecenterlineof
thejetwithitsface2 inchesdownstreamofthenozzle.Figure1 shows
themodelbeforeitwasswungintothesetstream.Them>delwasmoved
downstreamsothatthepicturecouldbe taken.Themodelwaswithinthe
Machdiamond.Shadowgraphpicturesweremadeduringailtestsandare
shownin figures2 to4 foranglesofattackof0°,5°,and10°. From
thesefi~es no interactionwiththeMachdiamondoftilejetcanbe
seen.

Thepressuresweremeasuredby usingStathsmgageswhichareaccu-
ratetowithin*1 percent.Thetemperaturesaremeasuredby thermo-
coupleswhichhavethejunctionboxat thebaseofthestand.Theref-D
erencejunctiontemperatureismeasuredby readinga thermometerlocated
ina boxwhichis freeofanywindcurrents.
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MODEL

Thedimensionsofthemodelareshownin figure5. Themodelwas
madeof Inconel,ofa nominal0.050-inchthiclmess,butbecauseofthe
spinningprocessusedintheconstruction,thethicknessoftheskin
varied.Thesevariationsaretabulatedinfigure5. No supportwas
giventheskinotherthanthemodelshapeitself.

Instrumentationconsistedof chromel-alumelthermocouples
(No.30 gage)weldedto theinterioroftheskin.A rayofthermo-
couplesandpressureorificeswerelocated1800fromeachothersothat
whenthethermocoupleswerewindwardfora testatangleofattack,the
pressureorificeswereleewardby thesameangle.Therewere15thermo-
couplesand11pressureorificeslocatedatpositionsshowninfigure5.
TheinsidediameterofthepressureorificeswasO.0~ andthetubing
lengthto theStathamgageswas5 feet.

Thesurfaceroughnessofthemodelwasabout15microinchesasmeas-
uredby a PhysicistsResearchCo.Profilometer,ModelNo.11,Tyye9, for
theinitialtests;however,duringtheensuingrunstheroughnessincreased
from15 toan estimatedvalueof30microinches. .

TESTCONDITIONS

Themodelwastestedat a Machnumberof2.0atanglesofattackof
0°,i5°,andtlOO. Alltestsweremadeina freejetwitha 27-by
27-inchnozzlewhichallowedtestingat constantsea-levelpressureand
temperaturefor8 seconds.Reynoldsnwber ofthetestbasedonbody
diameterwas6.4 x I-06. The modelwasinjectedintotheairstreamand
wason centerlineapproximately0.1secondaftersteady-flowconditions
of thejethadbeenreached.

DATAREDUCTION

Theaerodynamicheat-transfercoefficientswerecalculatedfrom
datameasukedduringthetransientheatingofthemodelattheearliest
possibletime,whichwas0.1secondafterthemodelwa_soncenterline.
At thistimetheestimatedradiativeandconductiveheatlosstothe

w
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airbehindthemodelwas
werecalculatedby using

negligible.Theheat-trasferc~fficients
theequation

h= WWtw ~w
Taw -Tw=

.

Thetimerateof changeofwalltemperaturewasobtainedfromplots
ofthewalltemperatureasa functionoftime.Theheat-transfercoeffi-
cientwasthenevaluatedby usinga massdensityforInconelof
518lb/cuft anda specificheatof0.11as giveninreference3. Meas-
uredvaluesof skinthichesswereusedinallcalculations.

Inthecasewherethethermocouplewaslocatedinternallyonthe
lip,thefollowingequationwasusedtotakein
area:

()R~l+—
R2 dT

Pwcwtw—z
h=

2
Taw-%

where RI is theinsideradiusofthelipand
Thisexpressiongivesaneffectivethiclmessof

thevariationsin surface

+ istheoutsideradius.
theInconel;as theresult

of theequation,theaveragethicknessisobtainedby dividingthevolume
of thematerialby thesurfacearea.Thevaluefortheeffectivethickness
was75 percentoftheactualmeasuredthickness.

Theadiabaticwalltemperaturewasobtainedby usingtheequation

where vr.=
()

1/2Npr . Thefactthat ()Nw
1/2 variesovertheterrrpera-

turerangemakeslittledifferencesincetheminimumratioof ~ on the
Tt

bodywas0.9. Theequationusedto calculatetheheatingratesassumes
constanttemperaturethroughthewall.
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RESULTSANDDISCUSSION

PressureDistribution

Figures6 and7 showthepressuredistributionforthemodelat
anglesofattackof0°,t5°,andtlOO. Thelocalmeasuredpressm?ewas
dividedby themaximummeasuredpressureto obtaintheratiooflocal
pressureto totalpressurebehindtheshockaspresentedin figures6
and7. Figure6 showsthewindwardpressuredistributionplottedagainst
thedistancealongthesurfacefromthestagnationpoint.Foran angles
ofattack,thethreepressurestationsup toandincludingthe60°sta-
tion,whichwasthelaststationatwhichmeasurementsweretakenonthe
concavepart,measuredtotalpressurebehindtheshock.Thedottedline
representsa fairingofthedataforthe0° angle-of-attacktest. The
fivepressure-measuringorificesontheliprecordedfree-streamstatic
pressuresforthe0°angle-of-attacktest.Allpressuregagesonthe
lipwereoflowrtie +15lb/sqin.

Figure7 representsleewardpressuredistributionplottedagainst
surfacedistancefromthestagnationpoint.As infigure5,thedotted
linerepresentsa fairingofthedataforthe0°angle-of-attacktest.
Theleewardtestsalsoshowtotalpressurebehindtheshock,forthe

-.

threemeasuringstationsup to 600ontheconcavepart. Figures6 and7
showthatforthesetestconditionsthemodelexperiencedtotalpressure
behindtheshockup toandincludingthe600stationwhichwasthelast

.

stationatwhichmeasurementsweretakenbetween60°andthelip.

Figure8 shows
anglesofattackof

HeatTransfer

thewall-temperaturedistributionforthemodelat
0°,~5°,and310°. Thefairedlineindicatedby

O secondsrepresentsthewalltemperatureat whichtimetheheat-tr-msfer
coefficientswereobtainedasrepresentedinfigures9 and10.

Figures9 and10 showtheheat-transferdistributionforthemodel
at anglesofattackof0°,+5°,andAIOO. Figure9 presentstheheat
transferforthewindwardtestat 5° and10°. Thedottedlineisthe
fairingforthedataat anangleofattackofOO. Thisfigureshowsthat
outto thestationwhere S = 3.25inches(75°)theheattransferremains
fairlyconstant.Thestationimmediatelyinsidethelip~T7)experienced

thehighestheattransfer,butit is importanttonotethatthisheat
transferremainsconstantwithwindwardangleofattack.Thelipat a
windwardangleof10°e~eriencedheat-transfercoefficientsonly22per- ●

centhigherthanthoseatanangleofattackofOO. Thelowestheat-
transfercoefficientsareonthecylinderwhichis ina regionoflow
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pressure.Theheat-transfercoefficients,on thecylinderarethehighest
whenthemodelisatwindwardanglesofattackof5°and10o. Them9xi-.
mumheat-transfercoefficientforthetestatan angleofattackof5°
is21percenthigherthanthatforthetestat0°,andthenaximumfor
thetestat 10°is 31percenthigher.

Figure10presentstheheat-transfercoefficientsfortheleeward
testat 5°and10°. Thedottedlineconnectsth=pointsfromthetest
at anangleofattackofOO. Thisfigureshowsthattheheat-transfer
coefficientsfortheleewardtest,up to stationS = 3.25inches,(750)
arethesameas forthewindwardtest.Thehighestheat-transfercoeffi-
cientexperiencedintheleewardtestsisontheinsideofthelip(T7),
thesameas inthewindwardtests.On thecylinderofthemodelthe
heattransferislowerthanthatof the0° angle-of-attacktest.The
lip,at a leewardangleofattackof10°,experienced30percentlower
heat-transfercoefficientsthanthoseofthe0° angle-of-attacktest.

In figure11,heatingratesobtainedforthemodelat an angleof
attackof0° arecomparedwiththoseobtainedexperimentallyandcalcu-
latedby laminartheoryforbotha hemispherenoseanda flatnose. This
comparisonhasbeenmadeby presentingtheratioofthelocalheat-
transfercoefficienttothestagnation-pointheat-trsnsfercoefficient
fora hemisphereofthesamediameter.Thecalculationsweremadeby
thelsminartheorypresentedinreference4 forboththehemisphereand
flatnoses.Theexperimentaldataforthehemisphere(ref.5)andthe
flatnoseswereobtainedinthepreflightJetundersea-levelconditions
at M= 2.0. ~Thetestresultsindicatedtransitionat about S S1 =/ 0.33.)
Comparisonof thesevalueswiththosefortheconcavenoseshapeat 0°
angleofa.tkackindicatesthatthelocalheat-transfercoefficientson
theconcavenosearelowerthanboththeoreticalandexperimentalvalues
foreithertheflator”thehemispherenose,until S/sl= 0.825 or
s = 3.25inches.Theheat-transfercoefficientatthestagnationpoint
isapproximately40percentofthatonthehemisphere.

Anothercomparisonmaybe madeonthebasisoftotalheatinput.
Inthiscaseit is importanttorememberthatthehemisphereandthecon-
cavenosehavetwicethesurfaceareaas thatoftheflat-facemodel.The
followingchartshowsthecomparisonintotalheatinputfora Machnumber
of2.0;however,reference2 showsa differentrelationshipintotal
heatingforhigherMachnumbers:
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Noseshape

Hemisphere
Hemisphere
Flatface

Concave

Dataobtainedby - I Totalheatinput,
Btu/sec

Laminartheory 374
Experiment

Experimentand %
laminartheory
Experiment 536

Comparisonoftheexperimentalheat-transferdistributionofa hemi-
spherewheretransitionoccursat s/sl= 0.33 showsthatthetotal
heatingis1.8timeshigherthanexperimentalvaluesfortheconcavenose.
SincethefreestreamReynoldsnumbersforthetestsoftheconcaveandthe
hemispherenoseswereaboutthesame,thiscomparisonindicatesthatthe
concavenosemightbe extremelyworthwhilein conditionswheretransition
wouldbe expectedona hemisphericalnose.

Thenoseshapereportedhereinwasinvestigatedby theLangley
PilotlessAircraftResearchDivisionona two-stagerocket-propelled
modelatMachnumbersbetween3 and7. Theseunpublisheddataindicated
stagnation-pointvaluesofonlyone-tenthto one-twentiethofthoseof
thehemisphere.Othertestsas discussedinreference6 indicatetwo
typesofflowaboutthenose,steadyandunsteadyflow.Bothtypesof
flowwereobservedunderthesameflowconditionsandnoreasoncouldbe
giventoexplainthetwotypesofflow.Theheat-transfercoefficients
measuredinreference6 fortheunsteadyflowwereapproximately6 to
7 timesthecoefficientsfor thesteadyflow.Thesteady-flowcoeffi-
cientsinthetestsofreference6 variedfrom20percentto50percent
ofthevaluesat thestagnationpointofa hemisphere._The differences
betweentheapparentlysteadyflowresultsofthepresenttest,thetests
ofreference6,andtheflighttestshavenotbeenexplainedasyet.

CONCLUSIONS

FromtestsmadeinthepreflightjetoftheLangleyPilotlessAir-
craftResearchDivision(atitstestingstationatWallopsIsland,Vs.)
at a Mch numberof2 andsea-levelReynoldsnuribersona concavenose,
thefollowingresultsareevident:

1.Pressuresmeasuredup to 60°ontheconcavepartofthemodel
wereequaltothetotalpressurebehindtheshockat anglesofattackof
0°,t5°,andklOO. Thelipofthemodelexperiencedfree-streamstatic
pressuresatOo angleofattack.

2. The heat-transfercoefficientatthestagnationpointat0°angle
●

ofattackisapproximately40percentofthatonthessmesizehemisphere.
<,.

p:Qii
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3.Thehighestlocalheat-transfercoefficientwasmeasuredimmedi-
atelyinsidethelip;thisheat-ingwasof the‘ssmemagnitudeforallangles
ofattack.Theheat-transfercoefficientonthelipat an angleofattack
windwardof 10°waslowerthanthatexperiencedimmediatelyinsidethelip.

4. Comparingtheconcavenoseandthehemisphere,whichweretested
at thesamefree-streamReynoldsnumber,onthebasisoftotalheatinput,
thehemispherewasheating1+8timeshigher.Thiscomparisonindicates
thattheconcavenosemightbe extremelyworthwhilein conditionswhere
transitionwouldbe expectedona hemisphericalnose. However,other
testson concavenosesindicatethepossibilityofunsteadyflowcondi-
tionsinthecupwhichgivea largeincreaseto thetotalheatinput.At
present,theconditionsunderwhichtheseunsteadyflowsareobtainedare
notunderstood.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,February27,1958.-
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Figure3.- Shadowgraphofmodelat angleofattackof 5°. L-58-16u
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Figure4.-Shadowgraphofmodelat angleof attackof 10°.L-5
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Figure5.- Sketchofmodel~d stationlocations.
.

,.



.
L

●

NACARM L58Clb

I

-- ----.,
15

.

d

Distance along surface, S

Figure 6.- Pressuredistributionatwindwardangleofattack.
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Figure7.- Pressuredistributionat leewardangleofattack.
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Figure8.- Wall-temperaturedistributionfor0°,5°,and10°.
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Figure 9.-Heat-transfercoefficientsatwindward angle of attack.
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Figure 10.- Heat-tranafercoefficientsat leeward angle of attack.

.

G



.

30

2.5

2.0

1.5

1.0

.5

0 .1

Figure 11.-

.2 .3 4 .5 .6
w,

Comparisonof heating rates for hemisphere,

.7 .8 .9 [.0

flat-face, and concavenoses.

*


